Allostery plays a key role in the regulation of the activity and function of many biomolecules. And although many ligands act through allostery, no systematic use is made of it in drug design strategies. Here we describe a procedure for identifying the regions of a protein that can be used to control its activity through allostery. This procedure is based on the construction of a plausible conformational path, which describes protein transition between known active and inactive conformations. The path is calculated by using a framework approach that steers and markedly improves the conjugate peak refinement method. The evolution of conformations along this path was used to identify a putative allosteric site that could regulate activation of Bacillus anthracis adenylyl cyclase toxin (EF) by calmodulin. Conformations of the allosteric site at different steps along the path from the inactive (free) to the active (bound to calmodulin) forms of EF were used to perform virtual screenings and propose candidate EF inhibitors. Several candidates then proved to inhibit calmodulin-induced activation in an in vitro assay. The most potent compound fully inhibited EF at a concentration of 10 μM. The compounds also inhibited the related adenylyl cyclase toxin from Bordetella pertussis (CyaA). The specific homology between the putative allosteric sites in both toxins supports that these pockets are the actual binding sites of the selected inhibitors.
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anthrax | transition path calculation | molecular dynamics | drug discovery | inhibition of protein-protein association S tructure-based drug design is increasingly used and has impacted the development of many drugs (1) (2) (3) . Identifying inhibitors by virtual screening involves multiple steps, and its success depends on several factors: the efficiency of ligand and receptor conformational sampling (4) (5) (6) (7) (8) (9) (10) (11) , the quality of the scoring function (12, 13) , the choice of docking pocket, and finally, the availability of a relevant assay to test the virtual screening candidates.
Conventionally, virtual screening uses experimentally validated binding sites such as an enzyme catalytic site or a pocket already containing a ligand. However, targeting the active site of enzymes that act on a common substrate such as ATP (e.g., ATPases, kinases, or the toxin studied here, etc.) with a high enough degree of selectivity to avoid general toxicity remains a challenging endeavor. Targeting different pockets could lead to the identification of more specific inhibitor families and, thus, can help to overcome such issues. Rational approaches allowing efficient identification of such "druggable" sites would therefore be highly desirable in the difficult and costly process of drug discovery.
Pockets can be detected with purely geometrical considerations, for instance, by analyzing local surface curvature (14, 15) , or can be filtered by means of other geometric and chemical criteria (16) . However, the detected sites may be irrelevant to inactivate the targeted function, and some noncanonical sites (17) may be missed with such criteria.
A promising method to alter biochemical and cellular processes is to target interactions between biomolecules. Because the assembly of partners can be affected by allostery, through a shift in their conformational equilibrium (18) (19) (20) (21) (22) , a promising strategy would be to find and target allosteric pockets. The range of biomolecules that can be targeted would be broadened because their entire surface can potentially be screened.
Identifying pockets that potentially play an allosteric role is still a major challenge but should pave the way to wide opportunities in rational drug design (23) . For such purposes, we develop here an approach in which a plausible description of the conformational path between known active and inactive conformations is built and then used to identify such putative pockets. The path was built with a method inspired by that presented in ref. 24 , but including a number of radical improvements. This approach was validated by the discovery of an inhibitor scaffold for adenylyl cyclase (EF) of Bacillus anthracis, the etiologic agent of anthrax.
EF is an essential toxin for B. anthracis. It is able to enter into eukaryotic cells where it is activated upon binding to endogenous calmodulin (CaM) to produce supraphysiological levels of cAMP that alter the cell physiology. By targeting immune cells, EF contributes to the virulence of B. anthracis and is therefore considered as a target for anti-anthrax drugs (25) (26) (27) (28) .
The binding of CaM to EF induces a major transition from a closed to an open form (29) . This reorganizes the catalytic site into its active configuration that can convert ATP into cAMP. The dynamics and energetics of EF-CaM complex were analyzed by extensive molecular dynamics (MD) (30, 31) . A path calculation was used for further analysis and, as described above, to devise a rational drug design strategy. A pocket that underwent major and early reorganization along the path describing EF activation transition was identified (Fig. 1) . This pocket was then used to screen in silico for inhibitors of CaM-induced EF activation. A number of thiophen ureidoacids thus selected were shown to inhibit EF activity in vitro with affinities in the low micromolecular range. Compounds from this series were also active against CyaA, the adenylyl cyclase toxin of Bordetella pertussis, the causative agent of whooping cough (32, 33) . (34) . Each refinement cycle consisted of one path reduction and one step in subpath generation. After 45 refinement cycles, electrostatic energy was switched from a sigmoidal dielectric constant to the more comprehensive ACE2 model (35) (36) (37) , to simulate correctly cavities in the protein. CPR refinements then took about 300 hours of CPU on a 2,666 MHz processor. The calculation was halted when the number of conformations in the path was down to 80 and the total curvilinear length was down to 36.9 Å. Fig. S1 illustrates the path refinement process. The comprehensive electrostatic model yielded energies that were about −25 Mcal∕mol lower than the sigmoidal model, which is a typical value for such a change of electrostatic model (35) (36) (37) . The number of conformations and curvilinear length (D curv ) first increased as the path meandered to avoid barriers. They then tended to decrease as lower energies and straighter paths shortcuts were found during the search process.
The path was characterized by its maximum energy, coordinate distance (rmsd), and D curv from the first conformation along the transition (Fig. S2 ). The very low energy along the transition showed that the intermediate states are not distorted and have plausible conformations. Furthermore, the curvilinear length of the transition was comparatively short (36.9 Å) for a major conformational change (atomic coordinate rmsd: 9.3 Å) involving secondary structure reshuffling (CB, switch C, and the L-M loop in the helical domain). These figures show a far simpler path than those previously described for a transition involving comparable reorganization (24) . Thus, the resulting path appeared to be both comparatively straight and low in energy and therefore a plausible model for the transition.
The transition path was analyzed by principal component analysis (PCA). The path and MD trajectories were projected on the first three PCA eigenvectors (Fig. 2) . MD trajectories (ellipses in Fig. 2 ) remained in the vicinity of their initial conformations (beginning and end of the path) and failed to sample intermediate states such as conformations 8, 28, and 47, which were used to counterselect compounds in the virtual screening strategy (see below). Thus, the path provided information that could not be furnished by MD.
The path described here is represented by series of individual conformations. This representation proved to be convenient, comprehensive, and sufficiently precise to describe the transition in details and to be used in virtual screening.
In Silico Selection of Ligands. The transition path conformations were systematically analyzed with the PocketFinder module of ICM (16) . Ten potential binding sites, including the catalytic site, with volumes ranging from 100 to 870 Å 3 were identified. The second largest pocket in conformation 1 enclosed a cavity of 460 Å 3 ( Table 1 ). This pocket was formed by residues, A496, P499, I538, E539, P542, S544, S550, W552, Q553, T579, Q581, L625, Y626, Y627, N629, and N709, from three polypeptide segments, defined as switches A, B, and C by Drum et al. (29) . The pocket shall henceforth be called the "SABC pocket". A small pocket between switches B and C, SBC, only separated from SABC by the Q581 side chain can be viewed as an extension. The three switches, A, B, and C, play a critical role in EF activation because they either contact CaM or stabilize the catalytic site (29, 38) . The path calculation required careful building of the missing loop 580-590. The pocket definitions were thus refined and modified from those present in 1K8T (Materials and Methods and Fig. S3 ). The substantial rearrangements during the early steps of the transition greatly distorted and reduced the SABC pocket ( Figs. 1 and 3 ) as a result of: (i) a widening gap between the catalytic region and the helical domain (residues 291-656 and 657-768, respectively), (ii) backbone rearrangements of switches A and C, (iii) reorientation of side chains contacting CaM, and (iv) transient reorientation of the hydrogen network (Fig. S4) . Therefore a small molecule binding inside the SABC cavity would very likely interfere with EF structural remodeling leading to activation.
The robustness of the SABC pocket was probed by analyzing cavities on representative conformations (39) of a 15-ns MD of conformation 1. They varied significantly with splitting and merging events ( Fig. S5 and Table S1 ). Although MD conformations appeared improper for virtual screening, each one contained at least one pocket involving more than half of the 16 SABC residues, and conversely, each residue was identified in at least one of these conformations.
All together, the SABC pocket identified with the transition path model appeared to shrink strongly and early in the transition, to be sufficiently large (460 Å 3 ), and to have a good balance between charged/polar and hydrophobic residues. It therefore appeared a promising target site for virtual screening.
The French National Chemical Library [about 28,000 molecules (40)] was screened for ligands able to bind the SABC pocket with the FlexX program (41) . Initial conformation 1 was used to select the top 1% best-score candidates. Intermediate conformations 8, 28, and 47 (Figs. 2 and 3) were then used to exclude compounds that could be compatible with the initiation of the activation process (Table S2 ). The pocket conformations shift was already more than 3 Å rmsd between conformations 1 and 8, suggesting an efficient discrimination. ICM software (42) , which arguably uses a more accurate force field (5), was employed to refine the selection (ICM scores lower than −10 kcal∕mol). Of the 28 ligands thus selected, 18 were available and were tested in an in vitro assay.
In Vitro Characterization of the Putative EF Inhibitors. The 18 compounds were first tested at 100 μM in the adenylyl cyclase enzy- and CaM are drawn in cartoon format. Switches A, B, and C in EF are highlighted in blue, orange, and magenta, respectively.
matic assay described in Materials and Methods. As shown in Fig. 4 and Table 2 , a series of 6 highly related compounds, sharing a common thiophen ureidoacid (TUA) moiety, exerted potent inhibitory activity under these conditions. Among them, TUAdiCl still exhibited a strong inhibition at 10 μM (>90% inhibition), corresponding to 50% inhibition at 2-3 μM. Interestingly, a single Cl atom caused a marked increase of activity for TUAdiCl over TUACl. Given the strong affinity of CaM for EF (32, 43) , we anticipated that molecules that could prevent CaM-induced activation of EF might not be able to inhibit the preformed EF-CaM complex. Indeed, the five weakest inhibitors were ineffective on preformed EF-CaM, but the strongest, TUAdiCl could partly inhibit the complex (Fig. 4) .
The 6 compounds were also tested on a related enzyme, adenylyl cyclase toxin (CyaA) from B. pertussis. CyaA is also activated by CaM and the structure of its catalytic site is highly similar to that of EF despite a low overall sequence homology (32) . The compounds inhibited CyaA-CaM at 100 μM, but not at 10 μM, indicating that they were moderate inhibitors.
Many small hydrophobic molecules can block CaM interaction with target enzymes (44) . Thus, the binding of TUAdiCl on CaM rather than on EF was tested. The association of CaM with a CyaA-derived peptide P 233−254 (33) was monitored by its fluorescence anisotropy signal (Materials and Methods). The signal increased from 0.03 for the free peptide at 2 μM in 0.2 mM CaCl 2 to 0.094 upon addition of 2 μM CaM. Addition of 10 μM TUAdiCl did not affect the signals (0.027 and 0.095 without and with CaM, respectively). Hence, TUAdiCl at a concentration that almost completely inhibited CaM-EF activity did not affect CaM binding to a specific peptide.
TUAdiCl compares favorably with several compounds previously reported to inhibit EF-CaM association in vitro or in vivo with IC 50 values in the 10-100 μM range (25, 27, 28) and represents a new chemical family.
Discussion
EF activation mechanism was modeled by construction of a transition path describing the structural motions required to bind CaM, with an approach markedly improving the power of the CPR algorithm (34) . An analysis of the full path suggested that the SABC pocket should be a suitable target for virtual screening. Eighteen candidates selected from the French National Chemical Library (40, 45) for their ability to fit in this pocket were tested, and six of them were found to inhibit catalysis in the medium and low micromolar range. These molecules share a common thio- Similar profiles correspond to residues belonging to the same physicochemical family, whereas similar shapes correspond to residues with the same steric hindrance. phen ureidoacid (TUA) scaffold that hitherto was not known to inhibit EF. These compounds were also found to inhibit the related adenylyl cyclase CyaA from B. pertussis. The inhibition proved to be specific as the compounds did not affect neither CaM nor the pyrophosphatase used in the assay (see SI Text). The presence of detergent in the assay also prevented promiscuous inhibitory effects (46) . These results showed that modeling transition paths is a useful tool for drug design to enlarge the search for inhibitors to new chemical families.
Transition Path Determination Is Central to the Approach. The originality of the approach lies in the determination of a plausible conformational transition path and its use in combination with drug design methods.
The procedure to generate and sort alternative path shortcuts and the topological definition of path connectivity are essential characteristics of the path calculation method presented here. As a consequence, the path is made of a limited series of completely connected and ordered conformations. This contrasts with most previous methods developed for extensive conformational sampling, which fail to produce such limited series of ordered conformations (47) (48) (49) and for which sorting conformations along a transition path or defining a reaction coordinate are still major challenges (50) .
The order of events was used to identify a suitable pocket for virtual screening. Indeed, our aim was to lock EF in its initial inactive form, and, for this to occur, the targeted pocket had to disappear in the early stages of the conformational transition leading to activation. Inhibitors filling such pocket(s) would be expected to maintain EF in initial conformations unable to bind CaM and, thus, would provide a stronger structural lever to inhibit the activation process. Among all the pockets detected in the inactive EF form, the SABC pocket best matched this condition with large rmsd reached in early stage of the transition. Noticeably, several possible paths can connect the inactive and active forms of EF. Thus, using a conformation located close to one end of the path avoids relying too critically on the path accuracy, even though the path determined possessed excellent energetic and geometrical properties. Altogether, screening with the SABC pocket produced an excellent level of enrichment in the identification of inhibitors: Out of 18 in silico candidates, 6 inhibited EF in the low micromolar range.
Evidences Supporting the Binding of TUA Inhibitors to the Targeted SABC Pocket. The rationale of the approach led us to the identification of a plausible binding site, the SABC pocket, and then, after virtual screening, to the identification of effective inhibitors. All our results were consistent with the binding of the TUA inhibitors in the SABC pocket, although this could only be unequivocally establish by a crystal structure of the complex. Yet strong experimental evidence in favor of this model was provided by the observation that the TUA compounds were also able to inhibit the related adenylyl cyclase from B. pertussis, CyaA. Catalytic domains of CyaA and EF only share 25% overall sequence identity, and the structural and thermodynamic features of their interaction with CaM differ significantly (32, 43) . Analysis of EF pockets (Table 1) revealed that the catalytic site and the SABC pocket and/or its SBC extension were the only ones to share significant homology with their CyaA counterparts. Thus, TUA inhibitors should most likely bind one of these conserved pockets.
The catalytic site is the largest and most conserved pocket with 19 identical or similar residues out of 23. However, the fact that most of the effective compounds could not inhibit the preformed EF-CaM complex clearly ruled out their binding to the active site. It is also unlikely that these inhibitors could bind to the inactive configuration of the catalytic site (i.e., in CaM-free EF) to lock EF in conformations unable to bind CaM, given the similarity between the active and inactive backbone conformations of the catalytic site (Fig. S6) .
The second conserved site, the SABC pocket, involves switches A, B, and C of EF that correspond in CyaA to F-G-H-H' helices, T300-K312 loop, and C-tail, respectively, and interact with CaM to stabilize the catalytic site in a similar way (Fig. S7) (32, 51) . Of the 16 residues in the SABC pocket, 6 are identical, 3 are homologous, and 2 are similar to their counterparts in CyaA (Table S3) and could clearly make similar interactions with the ligand (Fig. S8) . The similarity of these sequences and potentially conserved binding modes strongly support the common binding of TUA derivatives into the SABC pocket or into its CyaA counterpart.
It is noteworthy that TUAdiCl, unlike the other TUA inhibitors, could significantly inhibit the activity of the preformed EF-CaM complex. This activity may be because of a displacement of the conformational equilibrium of EF-CaM upon binding of TUAdiCl. An MD simulation of EF-CaM was performed in the absence of Ca 2þ , conditions where it is unstable and weakly active (52) . Interestingly, in transient conformations such as 9335, the active site collapsed and a 326 Å 3 pocket involving 6 SABC residues appeared (Table 3) . This correlation, similar to that proposed in ref. 53 , suggests that the inhibitor could bind such transient conformations and displace the EF-CaM conformational equilibrium towards inactive forms. Although different from that initially imagined, this mechanism would still be an allosteric effect originating from the SABC pocket.
Conclusion
An in silico approach is described that can be employed to target the functional activation of biomolecules. It is based on the calculation of an activation transition path to identify putative allosteric pockets. This opens up avenues for rational drug design because it radically expands pocket identification tools and therefore the opportunities to find ligands. The approach has only been made possible by the development of specific and powerful molecular modeling approaches.
Materials and Methods
Bioinformatics. Crystallographic structures and equilibrium MD simulations are described in SI Materials (Structure analysis and Molecular dynamics simulations). The protocol used for inhibitor prediction is given in "In silico screening and analysis."
Refinement of the Conformational Transition Path. Calculations on the EF chain alone were performed by using CHARMM version 29 (54) and the PARM19 force field. Two levels of approximation were used to model the solvent. First, a simple distance-dependent dielectric (1.416 × r) with force shift at 8 Å globally fitted a sigmoidal dielectric constant (55) . Van der Waals interactions were switched between 7 and 8 Å. In the second phase, analytical continuum electrostatics (ACE2) (35-37) was used, with dielectric constants of 1 in the protein, and 80 outside, and a force shift at 12 Å. Van der Waals interactions were switched between 10 and 12 Å.
Coordinates for 1K8T Protein Data Bank entry (apo inactive conformation), and for chain C in 1K93 Protein Data Bank entry (EF-CaM with two Ca 2þ ions: active conformation) were used as the initial and final points in the conformational transition. Loop 580-590 (switch B), which is absent in 1K8T, was built by translation of the corresponding loop in 1K93. The internal coordinates of the two conformations were then compared to detect side chain flips and crankshaft motions. Any unnecessary flips of symmetric (F, Y, E, D) and pseudo symmetric (H, N, Q) amino acids were removed after visual inspection of the conformations and putative hydrogen bonds.
A steered molecular dynamics simulation consisting of 100,000 1-fs time steps was driven from the first structure towards the second with a force constant of 0.5 kcal∕mol∕Å by using a 300 K Langevin thermostat (56) . Conformations were recorded every 200 steps, and the 500 frames were used to initiate the transition path calculation.
The path was then refined, by applying iteratively two types of procedure: (i) CPR (34) followed by a reduction of the number of conformations in the path and (ii) sampling of the possible subpaths located between pairs of path conformations. A maximum atom displacement of 0.5 Å was used in CPR. An energy threshold criterion was defined as follows: The energy of any conformation obtained by linear interpolation between two consecutive path conformations must be lower than the threshold.
Reduction was performed by iterative truncation of a given path starting from the first conformation (n 1 ¼ 1). At iteration k, the largest index n kþ1 for which the energy threshold criterion is fulfilled between conformations n k and n kþ1 is searched. Iteration stops when the end of the path is reached.
Procedure (ii) was performed by using CPR in parallel between all pairs of conformations n k and n k 0 and in compliance with several criteria: (a) the number of conformers in the path between conformations n k and n k 0 is larger than a given threshold N min , (b) the coordinate rmsd between the conformations is smaller than a given threshold D max , and (c) the ratio between rmsd and D curv is smaller than a given threshold R max . D curv , the curvilinear distance between the conformations n k and n k 0 , is defined as
rmsdðX n s ;X n sþ1 Þ;
[1] Pockets were detected at the SA, SB, and SC interface on the EF surface in representative conformations (ref. 39 ) extracted from MD simulations of the complex loaded with 0, 2, and 4 Ca 2þ ions, respectively. The volume of each pocket is given together with the relative number and name of residues in common with SABC. The SASA ( Å 2 ) of the catalytic site in the same conformation is also given.
